Abstract The establishment and characterization of cell suspension cultures are an in vitro culture technique very useful for various plant biotechnological applications (production of secondary metabolites, mass micropropagation, protoplast isolation and fusion, gene transfer and the investigation of cell pathways). The objective of this study was to establish and characterization of cell suspension cultures of V. planifolia by inducing friable calluses. For that, friable calluses were obtained from immature seeds cultivated in MS medium supplemented with 0.45 lM thidiazuron (TDZ). The effect of benzyladenine (BA) in different concentrations was evaluated. Cultures were incubated under photoperiod at continuous stirring at 120 rpm on an orbital shaker. The optimal condition found for biomass growth in suspension cultures was 0.5 g of inoculum density (fresh weight) in MS liquid, supplemented with 8.88 lM BA. The growth kinetics of the cell suspension culture revealed a maximum cell growth (exponential growth phase) at day 16 and an 80% cell viability. The establishment and characterization of cell suspension cultures of V. planifolia constitute the bases of future studies and above all a better biotechnological use of this crop.
Introduction
The vanilla culture (Vanilla planifolia Jacks.) is economically important because of vanillin, an organic compound extracted from fruits that is highly appreciated in the food and cosmetic industry (Ramírez-Mosqueda and IglesiasAndreu 2015). There are a limited amount of biotechnology studies on V. planifolia that allow a better use of this species (Retheesh and Bhat 2011; Ramírez-Mosqueda and Iglesias-Andreu 2015) . The optimal establishment of cell suspension cultures (CSC) in this spice comprises the characterization and growth kinetics of CSC (Mathur and Shekhawat 2013; Kshirsagar et al. 2015) . However, there is no efficient protocol for the establishment and characterization of cell suspension cultures in V. planifolia. Therefore, there is no adequate biotechnological use in this crop of high commercial interest.
In this context, CSC are an effective tool for various biotechnological applications, such as the production of secondary metabolites (Xu et al. 2011; Dwivedi et al. 2016a, b; Giri, Zaheer, 2016) , in vitro selection of cells resistant to biotic or abiotic stress (Mahlanza et al. 2013; Naliwajski and Skłodowska 2013; Barbasz et al. 2016) , massive micropropagation (Morais-Lino et al. 2016) , gene transfer, and investigations on cell pathways (Dubrovina et al. 2016) , protoplast isolation and fusion (Cai and Kang 2014; Mujib et al. 2014) .
On the other hand, friable callus was reported as an ideal source of explants for the establishment of CSC of various plant species, since these disintegrate freely (Cai and Kang 2014; Mujib et al. 2014; Dwivedi et al. 2016a, b; Kumar et al. 2016) . Currently, the establishment of CSC of V. planifolia was limited because only to have protocols for obtaining callus with compact appearance (Janarthanam and Seshadri 2008; Tan et al. 2011 Tan et al. , 2013 . However, although protocols for the production of friable calluses from V. planifolia are currently unavailable, there are reports about the establishment of cell suspension cultures (Westcott et al. 1994; Havkin-Frenkel et al. 1996) . To note, some of these protocols make no reference to the type of explant used, while others do not use friable calluses. In addition, these studies were aimed only on obtaining secondary metabolites (vanillin) and have not considered the possibility of selecting cell lines with specific characteristics.
Ramírez-Mosqueda and Iglesias-Andreu (2015) succeeded in broadening the genetic base of this crop through the induction and regeneration of friable calluses. As a continuation and use of these findings (obtaining of friable callus), this investigation aims to develop a protocol for the establishment and characterization of cell suspension cultures from friable calluses of V. planifolia to contribute to biotechnology studies of this crop.
Materials and methods

Plant material
For that immature seeds (approximately 7 months of maturity) are used as explants. Before to in vitro establishment, capsules of V. planifolia (Mansa morphotype) were collected from the Papantla region, Veracruz, Mexico. Subsequently they were washed with tap water and liquid detergent for 10 min. Then, in preparation for planting, capsules were cleaned with 75% ethanol four times in a laminar flow hood; afterwards, these were cut transversally and immature seeds were transferred to the callus induction medium using sterile scalpels. sucrose was used; 2.2 g L -1 Phytagel Ò as gelling agent was used; 0.45 lM thidiazuron (TDZ) was used as plant growth regulator (PGR). The medium pH was adjusted to 5.8 ± 0.2 and culture flasks were autoclaved at 1.5 kg cm -2 and 121°C for 15 min. Cultures were incubated at 25 ± 2°C under an irradiation of 50 lmol m For each treatment, the fresh and dry weight of cell suspension cultures was measured at day 14 of culture. Furthermore, the density of cell aggregates was determined (number of cells mL). To determine fresh weight (FW), each flask was centrifuged at 12,000 rpm for 10 min, and then cells were separated from the medium by filtration using Whatman No. 1 filter paper, and weighed. Afterwards, cells were dried to constant weight at 60°C for 24 h, and cell dry weight (DW) was recorded. The density of cell aggregates was determined by counting in a Neubauer chamber. Additionally, cell viability was determined with the Evans blue dye test (Rodríguez-Monroy and Galindo 1999).
Callus induction
Growth kinetics of cell suspension cultures
Cultures were maintained in the culture media for 6 months inside the growth chamber, under conditions standardized for optimal cell growth. Subcultures were performed every 28 days using a 10% (v/v) cell inoculum in 150 mL Erlenmeyer flasks containing 50 mL of cultured medium.
The growth kinetics of cell suspension cultures was determined by disintegrating 0.5 g of friable callus in 250 mL Erlenmeyer flasks. Flasks contained 50 mL of liquid MS medium supplemented with 8.88 lM BA, 250 mg L -1 L-cysteine hydrochloride, and 20 g L -1
sucrose. The medium pH was adjusted to 5.8 ± 0.2 and culture flasks were autoclaved at 1.5 kg cm -2 and 121°C for 15 min. Cultures were incubated under the same conditions described above. Fresh weight (FW), dry weight (DW) and density of cell aggregates were subsequently evaluated according to the above techniques, at four-day intervals over the 28 days of cultivation. In addition, cell viability was determined by the Evans blue dye test (Mathur and Shekhawat 2013) .
To check for anomalies or abnormalities in cultured cells, these were examined after 28 days of cultivation. To observe cells in the suspension culture, one drop (10 lL) of liquid suspension was transferred directly to a slide and observed under a Leica Ò DM300 compound microscope.
Statistical analyzes
All experiments were established using a completely randomized design with five replicates. Each replicate consisted of a 250 mL Erlenmeyer flask containing 50 mL of MS medium and a 0.5 g inoculum of friable callus. All analyzes were performed in duplicate. The data obtained were processed statistically with the software IBM SPSS Statistics (version 21). An analysis of variance (ANOVA) followed by Tukey's test (p B 0.05) was performed. Data were tested for normality and variance homogeneity using the Kolmogorov-Smirnov and Levene tests, respectively. Variables that did not meet these assumptions were logtransformed (natural logarithm, ln).
Results
Callus induction and establishment of cell suspension cultures
A friable callus was obtained after 12 weeks of culture (Fig. 1a) according to the protocol of Ramírez-Mosqueda and Iglesias-Andreu (2015). Significant differences between treatments were observed at day 14 of cell culture. Cultures appeared yellow/white in color and displayed a slow growth (Fig. 1b, d ). The higher increase in biomass, expressed in fresh weight (32.0 g L -1 ) and dry weight (0.70 g L -1 ), was observed when the culture medium was supplemented with 8.88 lM BA, followed by 11.11 lM BA, with 28.96 and 0.58 g L -1 fresh and dry weight, respectively (Table 1) . Fresh and dry weight did not increase significantly in the control treatment (Table 1) . As to the density of cell aggregates, a larger number of cells per mL (186.4 9 10 4 ) was observed in medium supplemented with 8.88 lM BA. In addition, this BA concentration led to a higher viability (84%) of cultured cells (Fig. 1D) .
Growth kinetics of cell suspension cultures
Vanilla CSC was established (Fig. 1B) . The growth curve of the V. planifolia CSC is shown in Fig. 2 . Significant differences were observed in all variables with respect to the number of days of subculture (Fig. 2) . The CSC was characterized by a 4-day lag phase (Fig. 1C) , during which biomass reached only 12.6 g L -1 FW and 0.07 g L -1 DW ( Fig. 2A, B) . Subsequently, the cells entered an exponential growth phase (Fig. 1D) , which continued until day 16 of culture. During this phase, the cultured cells attained the maximum growth, and an increase in biomass accumulation (34.9 g L -1 FW and 0.68 g L -1 DW) was observed ( Fig. 2A, B) . The stationary phase was followed by a steady reduction in the variables assessed and a lower cell density after 16 days of culture.
The higher number of cells per mL was observed at day 16 of culture (1.99 x 10 6 ) during the exponential phase (Fig. 2d) . Cell density declined gradually in the stationary phase. Furthermore, cell viability remained around 82% throughout the 16 days of culture (Fig. 2D) .
Microscopically, no anomalies or abnormalities in cultured cells were observed (Fig. 1f) . Initially cells were clustered in aggregates, but became subsequently disaggregated in the culture medium (Fig. 1c) . Finally, after 6 months cultures appeared colored and cells showed a slow growth, indicative of a declining phase (Fig. 1e) .
Discussion
This study achieved the establishment of cell suspension cultures of V. planifolia from friable calluses, with the purpose to contribute to further biotechnology research on this species. It is worth highlighting that previous reports about the establishment of cell suspension cultures for this species were not based on friable calluses (or at least this is not mentioned) as a source of explants, or were conducted to obtain secondary metabolites (Westcott et al. 1994; Havkin-Frenkel et al. 1996) .
Our study ensured a successful establishment of CSC by inducing friable calluses. This is the explant most commonly used for the establishment of cell suspension cultures in various plant species. Examples of other studies include Stevia (Stevia rebaudiana) (Mathur and Shekhawat 2013) , Rhodiola (Rhodiola crenulata) (Shi et al. 2013) , coriander (Coriandrum sativum) (Mujib et al. 2014 ) and wild or red sage (Lantana camara) (Kumar et al. 2016 ). In addition, our study contrasts with the work by Westcott et al. (1994) , who established cell suspension cultures from organized aerial roots of V. planifolia.
In this study, an aspect worth underlying is that optimum cell growth and development were attained in MS medium supplemented with BA. These results are consistent with those reported by Dwivedi et al. (2016a, b) , who set CSC of Stevia rabaudiana in MS medium added with BAP and NAA. However, most studies on the establishment of CSC indicate that the use of 2,4-dichloro phenoxyacetic acid (2,4-D) is essential as PGR (Mathur and Shekhawat 2013; Kumar et al. 2016; Morais-Lino et al. 2016) . In addition, our study contrasts with the report by Havkin-Frenkel et al. (1996) , who used the V and W medium (Vacin and Went 1949) in the establishment of CSC in V. planifolia.
The success in the establishment of CSC is determined by the increase in the accumulation of biomass, expressed as fresh weight and dry weight, number of cells per liter of medium, and percent cell viability. In our study, we observed significant differences in these variables relative to the control treatment, which indicate an optimal cell growth. These variables were assessed for the establishment of CSC of various plant species (Mathur and Shekhawat 2013; Döring and Petersen 2014; Kshirsagar et al. 2015; Dwivedi et al. 2016a) .
The determination of the cell growth curve is a key element in the establishment of CSC (Mathur and Shekhawat 2013; Kshirsagar et al. 2015) . This study investigated the growth kinetics of cell suspension cultures of V. planifolia. In addition, the different cell growth phases were identified (4-day lag, exponential phase at day 16, stationary phase at day 20 and declining phase at day 24).
Cell cultures are fast-growing, and in several plant species the largest increase in biomass (exponential phase) occurs at Days 14-18 (Mathur and Shekhawat 2013; Kshirsagar et al. 2015) . Our results showed the maximum growth and increase in biomass of the cell culture at day 16 of culture. Similar to our study, Mathur and Shekhawat (2013) recorded the exponential phase at day 14 of culture in CSC of S. rebaudiana, and Kshirsagar et al. (2015) at day 15 of CSC of Swertia lawii. However, some CSC needs a longer culture period (Shi et al. 2013; Wong et al. 2013; Qi et al. 2014 ). Separately, cell viability was stable at around 82% over the 16 days of culture. When cell viability is less than 50%, it is considered that the establishment of the CSC has failed (Mathur and Shekhawat 2013) .
Conclusion
In conclusion, cell suspension cultures of V. planifolia were successfully established. Optimum cell growth and development depend on the type and concentration of PGR used, as well as on the time of subcultures. The establishment of CSC in this species may contribute to the development of other biotechnological applications such as the production of secondary metabolites, in vitro selection of cells resistant to biotic or abiotic stress, massive micropropagation, protoplast isolation and fusion, gene transfer, and investigations on cell pathways. In particular, these results are being used for the production and regeneration of V. planifolia cell lines resistant to F. oxysporum f. sp. vanilla.
